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Abstract. We studied population subdivision and density dependent and independent factors influencing popu-
lation processes between 1965-2001 for elk (Cervus elaphus) inhabiting Rocky Mountain National Park and the
adjacent Estes Valley, Colorado. Elk numbers within the park were held relatively constant by management controls
until 1967, after which time they were allowed to increase without human interference. Radiotelemetry of 73 elk
indicated limited exchange between the subpopulations; combined with clear distinctions in population dynamics,
this suggests that these subpopulations are relatively independent despite the absence of physical barriers between
them. The elk subpopulation within the park initially increased at 6.5%/year between 1968 and 1970, then growth
gradually slowed, exhibiting density-dependent reductions both in calf survival and recruitment with increasing
population size, and approached an estimated carrying capacity of 1,069 * 55 (X * SE). Since 1991, this subpopu-
lation has remained within +5% of this equilibrium. The adjacent Estes Valley subpopulation grew at an estimated
maximum 5-year average rate of 11.0% from 1979—1983 and is still increasing at 5.2%f/year (1991-2001 average).
Estimated town population is currently about 70% of our projected carrying capacity of 2,869 + 415 elk based on
projection of observed calf recruitment decline with increasing population. Both carrying capacity estimates are
consistent with independent estimates based on forage biomass and energy considerations. Adult cow survival rate
did not differ between park and town and we estimated a constant rate of 0.913 [95% CI = 0.911, 0.915]. Bull
survival rates increased in the park from 0.52 to 0.79 between 1965-2001, but remained constant at 0.42 [0.35,
0.47] in the Estes Valley. Colder winter temperatures were correlated with reduced calf recruitment (calves:cow at
age 0.5 yrs) and with reduced calf survival (between age 0.5-1.5 yrs) in town. Recruitment of town elk also in-
creased with warmer summer temperatures and greater summer precipitation. No weather covariates were signifi-
cantly correlated with calf recruitment or survival in the park. Declining calf recruitment has been nearly linear and
similar in both the park and town. However, density response of calf survival in the park was abrupt near carrying
capacity and has not yet been detected in town, suggesting that this mechanism of density dependence is difficult to
detect until the population is near carrying capacity. We estimated current combined population size of 3,049 [2759,
3369] elk in 2001. Elk in the town sector currently outnumber elk in the adjacent national park by almost 2:1 and
are projected to increase by 46% before being nutritionally limited, suggesting that human-elk conflicts will likely
increase in the absence of active management intervention.
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Introduction

U.S. National Park Service (NPS) policy states that
natural processes should be relied upon to the greatest
extent possible to regulate ungulate populations (NPS
2001). However, the policy is flexible, resulting in dif-
ferent management approaches in different situations.
Where natural controls have been altered by human ac-
tivities, unnatural concentrations of ungulates may be
managed by park staff (Huff and Varley 1999). This natu-
ral regulation management of ungulates in parks has
been criticized as operationally vague (Kay and Wagner
1994; Wagner et al. 1995). Olmsted (1979) and Baker
et al. (1997) have attributed vegetative changes, espe-
cially declines in willow (Salix spp.) and aspen (Populus
tremuloides), to high ungulate populations resulting from
this policy of natural regulation. Furthermore, manage-
ment targeted toward park elk may have consequences
for adjacent private lands. A growing elk population
located amidst a large human population has important
social implications (Berris 1987). Future management
in both areas requires an understanding of factors af-
fecting population growth and regulation.

Natural regulation relies on population regulation
through predator or food limitation. There is growing
evidence for predator limitation of ungulates in natural
systems (Bergerud et al. 1988; Boutin 1992; Gasaway et
al. 1992; Messier 1994; Mech et al. 1998; Singer et al.
1998); however, uncertainty remains over the level of
predator limitation in pre-European systems (Boutin
1992; Singer et al. 1997). Predators have been elimi-
nated from many parks, and even when all predators
are still present, ungulate migration patterns or habitat
often have been greatly altered. Food-limited popula-
tions are assumed to result from density-dependent pro-
cesses related to per capita restrictions in food availability
(Caughley 1976; Fryxell 1987; Dublin et al. 1990;
Choquenot 1991). Although evidence exists for food
limitation of ungulates in the absence or limited abun-
dance of large predators (Houston 1982; Choquenot
1991; Coughenour and Singer 1996; Saether et al. 1996),
regulation or limitation of ungulate populations in na-
tional parks by either food or predators remains contro-
versial (Boutin 1992; Sinclair and Arcese 1995; Boyce
and Anderson 1999; Peterson 1999).

Detecting density dependence in a population from
time series data is difficult. Success often requires long
term-monitoring, supplemental information on survival
and recruitment, and a large initial reduction (75% is
suggested) by management intervention or
environmental catastrophe (Shenk et al. 1998). The

northern elk population in Yellowstone National Park,
following release from management regulation, has
exhibited considerable evidence for density dependence
as periodically updated by a variety of authors (Houston
1982; Dennis and Taper 1994; Coughenour and Singer
1996; Singer et al. 1997). Similar evidence has been
compiled for the Jackson Wyoming elk herd despite
supplemental winter feeding (Sauer and Boyce 1983;
Boyce 1989) and for red deer (Cervus elaphus) on the
Island of Rhum (Clutton-Brock et al. 1982). Elk were
similarly released from management control in Rocky
Mountain National Park (RMNP) in 1968, so this
population provides an independent assessment of the
roles of density dependent and independent factors in
elk population dynamics.

In this paper, we examine the elk that winter in the
eastern portion of RMNP and the adjacent Estes Valley,
which includes the town of Estes Park, Colorado (Fig. 1),
referring to these sectors as “park”™ and “town”, respec-
tively. All of the elk in these areas are thought to have
descended from a reintroduction between 1913-1914.
Bear (1989) and Larkins (1997) treat these elk as a single
population; nevertheless, Larkins (1997) observed that
even though elk wintering in town migrated through
and used some of the same ranges as park-wintering
elk, they did so independently at different times. Before
1968, elk in RMNP were controlled by culling and live
removal to maintain a target population of approximately
400 individuals (Stevens 1980). We focused on the pe-
riod after 1967 when control of elk numbers inside
RMNP ended, thereby initiating the NPS policy of natu-
ral regulation (Stevens 1980). This change in policy
constitutes a >35-year management experiment on the
dynamics of a population growing from an initial size
well below carrying capacity (K). Elk first appeared in
the town sector in noticeable numbers about between
1975-1980 (N. T. Hobbs, Colorado Division of Wild-
life, personal communication), about 8-13 years after
management control of elk in the park ended. Harvests
of both male and female elk have been a regular part of
management in town.

In our analysis, we reconsider whether distinct sub-
populations exist in this area, based on telemetry loca-
tions, differences in dynamics (survival and recruitment
rates), and support in our data for either temporary move-
ment or permanent dispersal of elk. We build a series of
related models with alternative parameter sets and use
information theoretic model selection techniques to iden-
tify those that best explain the available data. We look
for evidence of density feedback, specifically, declining
population growth, calf ratios, recruitment, and survival
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Fig. 1. Map of the study area, including the eastern portion of Rocky Mountain National Park and the Estes Valley which contains the town of Estes Park,
Colorado, depicting the boundaries of three winter range areas based on all known elk locations determined by telemetry, aerial, and ground surveys. The
winter range labeled “Horseshoe” also includes the Cow Creek drainage. The area labeled “Moraine” also includes Hallowell Park and Beaver Meadows.
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rates inversely related to increasing elk population size.
We also examine density independent correlations of calf
recruitment and survival with precipitation and tempera-
ture statistics.

Methods

Several independent data sets were used in this
study. Elk that winter inside RMNP have been moni-
tored for most of this century (Packard 1947; Gysel 1959;
Stevens 1980). Elk that winter in the Estes Valley out-
side RMNP have been monitored primarily from 1988
to the present. Elk population counts and composition
data (ratios of bulls, spikes, and calves to cows) were
collected in RMNP and in the Estes Valley by the Colo-
rado Division of Wildlife (CDOW) and the NPS over
the past several decades. To supplement these historical
data, we collected data from 1994-2001 separately in
the park and town sectors. We analyzed these multiple
data sets in two phases: first we made direct estimates
of population size, composition, and survival rate from
the data; then we used these estimates to fit a series of
alternative population projection models.

Direct Estimates

Movement and Survival

From early January through March 1995 we cap-
tured 73 elk (62 females and 11 males); each was aged,
sexed, and fitted with a telemetry collar with activity
monitor and an identifying tag. Elk were captured by
net gun from a helicopter in the park and by dart gun
from the ground in town. Elk were captured from each
of the major wintering areas: 29 from the Estes Valley
outside the park, 28 in Moraine Park and Beaver Mead-
ows, and 16 in Horseshoe Park and Cow Creek. In a
separate study (Larkins 1997), elk were located several
times per month from the ground and fixed wing air-
craft between February 1995 and November 1996. Moni-
toring for mortality at roughly monthly intervals
continued through September 1998. Larkins (1997) pro-
vides additional details on the capture and monitoring
of these elk.

We categorized all winter (defined for this analysis
as November—April) locations for each elk with at least
five independent telemetry locations during that period.
Each elk location was assigned to one of three primary
winter range areas (Fig. 1): Moraine Park (including
Beaver Meadows and Hallowell Park), Horseshoe Park,

or the Estes Valley. Frequent movements of elk between
Moraine Park, Beaver Meadows, and Hallowell Park
within the Big Thompson River drainage indicated that
these areas belong to a single winter range (hereafter
referred to as Moraine). Similarly, Horseshoe Park along
the Fall River combined with the Cow Creek drainage
comprises a separate winter range (hereafter referred to
as Horseshoe). Counts of elk locations by winter range
were used to summarize patterns of winter range use
and fidelity.

Survival was estimated with the known fates model
in program MARK (White and Burnham 1999). Spe-
cific dates when individuals were observed alive or dead
were collapsed into observations for winter (January—
March), spring/summer (April-August), and fall (Sep-
tember—December). Alternative models with differing
numbers of parameters were considered and the best of
these was chosen based on AIC.. (Burnham and Ander-
son 1998). Annual survival rates were computed by
multiplying seasonal rates; standard errors were com-
puted using the Delta method (Cox 1998).

Park Population Size and Composition

Counts and composition data for low elevation win-
ter range areas within RMNP east of the Continental
Divide 1965-1991 were provided by Stevens (1980 and
personal communication). From 1980 to 1991, ground
and air (both helicopter and fixed-wing) count and clas-
sification surveys were conducted. Surveys during this
time period had no specific design; instead observers
attempted to find as many animals in the park as pos-
sible. Classification data for this period were not recorded
by group, only total counts were recorded. Ground counts
and classification surveys were conducted in 1992 and
1993 by NPS employees. From 1994 to 2001, we con-
ducted helicopter counts and classification surveys. Clas-
sification data were recorded by group (any collection
of individuals appearing to move as a discrete unit) from
1992-2001. To confirm that ground and aerial methods
gave consistent classification results, we used both meth-
ods on the same day and obtained nearly identical ratios
for calves per 100 cows, differing by only 1.0 +3.3% (X
+ SE).

Helicopter surveys conducted in 1995-1998 were
used to develop a sightability correction model follow-
ing the methods of Samuel et al. (1987) and Steinhorst
and Samuel (1989) supplemented by improved methods
for variance estimation developed by Wong (1996) and
implemented using PROC IML (SAS Institute 1989).
The procedure does not take into account the possibility



that the counted size of observed elk groups may be in
error. Counting error may result in underestimation of
elk population size (Cogan and Diefenbach 1998). How-
ever, we believe this potential bias is far less severe for
RMNP, because numerous and extensive open areas ex-
ist where all elk can be seen and helicopter crews slowly
herded large groups of elk from areas of cover into the
open before counting commenced. Nevertheless, some
unknown level of undercounting bias may still be present.

These surveys yielded 44 potential sighting obser-
vations of elk groups. We assumed that the collared elk
could be considered a random sample of the elk popula-
tion. We used PROC LOGISTIC (SAS Institute 1990)
to fit logistic regression models to the data set. Sighting
characteristics considered were total group size, the natu-
ral logarithm of group size, group activity (moving or
not), percent tree cover, and percent snow cover, and
snow*/10,000, following Unsworth et al. (1994). Con-
verting percent tree cover into the seven vegetation cover
classes of Unsworth et al. (1994) did not meaningfully
improve results.

Town Population Size and Composition

Classification data from 1979~2001 were unpub-
lished counts made by CDOW and NPS personnel. Aerial
classification surveys using a helicopter were made in
August or September of 1980-1982 in Estes Park (G.
Bear, personal communication). Classification data for
1979, 1984, and 1986 are based on aerial surveys made
in January of Game Management Unit (GMU) 20, which
includes Estes Park, but may not represent it accurately
(Steve Steinert, CDOW, personal communication). From
1988 to 2001, CDOW or NPS biologists using three to
four observers conducted ground counts and classifica-
tion surveys during February in the town of Estes Park
(Rick Spowart, CDOW, personal communication).

To get a better population size estimate than the
above counts provided, we conducted a series of 10 mark-
resight surveys (Bowden and Kufeld 1995) in the Estes
Valley from 1995-1997. A fixed-wing flight was made
to determine the number of radio-collared elk within
the count area, based on radio signal locations. Ground
crews counted elk observed while traversing designated
routes within the Estes Valley. Routes were selected to
maximize the total number of elk seen and to avoid
multiple counts of the same elk on a given day. Addi-
tionally, ground counts were made on three consecutive
days within 5 days of the flight. We attempted to iden-
tify each collared elk seen using the identifying number
on its collar. Elk observed in the survey area during the
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ground count that had been previously classified as out-
side the area during the aerial survey were reclassified
as available marked elk for the population estimate.

Mark-resight population estimates for 1995-1998
were developed from these data using the methods of
Bowden and Kufeld (1995). These population estimates
were then used as the basis for calibrating a model to
estimate population size for other years based on ground
count data collected during those years. This model was
a linear regression of mark-resight population size esti-
mates on the total number of elk observed during the 3-
day ground count using SAS, PROC REG (SAS Institute
1990). Prediction precision was estimated for the regres-
sion. However, the residual mean square was reduced
by the mean variance of the mark-resight estimates to
account for this additional source of variation.

Population Composition Precision Estimates

We used a bootstrap procedure following Wong
(1996:115) to compute confidence intervals for sex and
age ratio estimates. Data for this analysis consisted of
composition of individual elk groups sighted from 1992—
2001. We generated an empirical population of elk
groups using estimates of sightability based on group
size, then resampled this population without replace-
ment based on sighting probability to obtain 1,000
samples. Standard errors were computed as the stan-
dard deviation of ratios in these resampled data sets.
For years lacking individual group composition data,
we used the mean coefficient of variation estimated for
years with adequate data, inflated by 50%. The arbi-
trary 50% adjustment was included to account for prob-
able differences in methods and observers during earlier
periods and served merely to place less weight on these
estimates in the population model.

Supplemental Data: Weather and Harvest

Monthly precipitation and mean monthly
temperature data were obtained from the weather station
in Estes Park, Colorado. These data were summarized
into summer (April-August) and winter (September—
February) periods for use as covariates in our models of
recruitment and calf survival. Harvest data were
consolidated from CDOW reports and include all elk
taken from Game Management Unit (GMU) 20.
Unfortunately, GMU 20 encompasses a much larger area
than our study and it was not possible to determine what
portion of these animals were taken from the Estes Valley.
Furthermore, these harvest data are based on telephone
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and mail surveys, rather than check-station counts and,
thus, may be unreliable. Furthermore, no measures of
precision were available for harvest estimates, making
their reliability difficult to assess. Consequently, we chose
to estimate survival rates after all mortality sources,
natural and artificial, because of the difficulty of
segregating the harvest effect.

Population Models

We fit a series of alternative population projection
models with varying numbers of parameters to the di-
rect parameter estimates. Models with fewer parameters
assumed that some parameters in the general model were
indistinguishable and could be represented by a single
value--these models represent special cases of the most
general model. Some of these special cases represented
important hypotheses of interests, such as whether or
not park and town populations could be considered a
single population or whether significant dispersal mi-
gration was occurring between them. Information theo-
retic methods (Burnham and Anderson 1998) were used
to select the best models from this set. Effects that were
supported by the data were identified by their inclusion
in the best model. Models were fit for the entire time
period of interest despite some missing observations, thus
producing a reconstruction of the population,

Model Specification

Our models covered the period from 1965-2001 for
park elk, and 1978-2001 for town elk. The Horseshoe
and Moraine subpopulations within the park were pooled
into a single “park” subpopulation for this analysis. The
most general model considered included different pa-
rameter values for park and town subpopulations. A more
general model of the elk in our study area might have
allowed for separate parameters for the two subpopula-
tions that we identified within the park (Moraine and
Horseshoe). This was not done for several reasons:
(1) these herds had never been considered separate sub-
populations before our study and so data were previ-
ously not recorded separately for them; (2) the habitats
and entire history of management of these subpopula-
tions has been indistinguishable; and (3) calf:cow and
spike:cow ratios during the period of our study were vir-
tually identical (estimates with 95% confidence inter-
vals in Horseshoe and Moraine, respectively, were 25.3
[21.2,34.1] and 25.8 [21.5, 31.6] for calf:cow ratio and
4.6[1.3, 9.6] and 4.1 [2.5, 5.1] for spike:cow ratios).

Thus, pooling of data from these subpopulations for com-
parison to the distinctly different town subpopulation
was well justified.

Each subpopulation (park and town) was modeled
with five age/sex classes. Population segments were:
calves (<1 year); yearling (1 < age <2) males (spikes)
and females; and adult (age >2) males (bulls) and fe-
males (cows). Projections are made using a 1 year time
interval referenced to the mid-winter (February—March)
population survey.

Calves are recruited from the adult female segment
of the population at a rate determined by a recruitment
submodel and estimated sex ratio. Calf recruitment was
defined as the number of calves per adult female in the
mid-winter count. Calf survival was defined as the pro-
portion of those recruited calves that survived until the
following year’s mid-winter count when they are reclas-
sified as yearlings. Separate survival rates for each age
and sex segment within each subpopulation were con-
sidered. Calf survival, S, for each subpopulation was
related to local population size and four weather statis-
tics through a logistic model:

ln(,—f‘—gjj =Bo+BINT +PoTy +B3Ty +BaPy +PsPy
where N, is the total subpopulation size; T,and T, are
average summer (April-August) and winter (September—
February) temperature deviations from the mean over
all years of the study; P, and P, are average summer
and winter precipitation deviations from the mean over
all years of the study; and the B, values are estimated
parameters. Recruitment rate for each subpopulation was
also modeled using a similar logistic function
incorporating these density and weather covariates. Each
winter range remained a constant size, therefore we
consider correlations to population size equivalent to
correlations with elk density.

With separate models for calf recruitment and sur-
vival and for both park and town populations, up to 24
parameters could be estimated for this portion of the
model in the most general case. In addition, the most
general model allowed for separate estimates of survival
and productivity for older elk of each sex in each sector
(park or town), plus a linear time trend in each of these
survival rates, resulting in eight potential parameters.
A common survival rate was estimated for adult and
yearling males and another for adult and yearling fe-
males, because data were insufficient to distinguish these
individual rates.



We included parameters to account for temporary
movements of elk from one sector to the other (elk that
normally wintered in one sector, but were counted in
the other due to temporarily moving across the park
boundary in the area of winter range overlap noted ear-
lier). Parameters for temporary migration were only con-
sidered in years when population data were available
for both sectors. We also considered permanent dispersal
at either a constant rate or varying linearly with either
park or town population size. All parameters were con-
strained to biologically meaningful values.

Parameter Estimation by Model Fitting and Selection

The specified model of elk population dynamics
contained various unknown variables, some of which
had been measured directly in the field and others that
had not. Model-based estimates of each of the quanti-
ties observed in the field were compared to the direct
estimates. Following a procedure by White and Lubow
(2002), we computed a sum of squared errors between
the model estimate, éi » and the direct estimate, 6;, each
weighted by the variance of the direct estimate, var(éi),

YR
ssE=g; Gi=%)
var(6;)

We used the numerical optimizing tool in the Microsoft
Excel® spreadsheet software to minimize the SSE by
seeking optimum values of the model parameters. As-
suming normality of errors, a log-likelihood was com-
puted from this statistic. This approach enabled disparate
direct estimates, including population size, population
composition, and independently estimated survival rate,
to all be included in estimating an overallnpopulation
model. Notice that the model estimates, 8, such as
population ratios, used in the least squares fit do not
need to be identical to model parameters, such as sur-
vival and recruitment rates, as long as the modeled val-
ues can be used to compute estimates of the same
parameters observed in the field.

We compared the ability of alternative models to
represent observed dynamics using Akaike’s Information
Criteria with small sample bias correction (AIC)) to
examine the relative support in the data for different
ecological parameters involved in elk population
dynamics. Results are stated as AIC weights, where the
best model has a weight of 1.0 to show the relative
strength of support for the alternative model (Burnham
and Anderson 1998).
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Profile likelihood confidence intervals for the se-
lected model parameter estimates were computed by find-
ing the pair of parameter values (one less and one greater
than the maximum likelihood estimate) that resulted in
reducing the log-likelihood by 1.92 (corresponding to a
95% confidence interval) from the maximum likelihood.
Estimates of precision for derived parameters (i.e., those
not part of the fitted model, but computed from them,
such as K) were based on the Delta method (Cox 1998).
This required computation of first and second deriva-
tives of the log-likelihood with respect to each model
parameter and inverting the matrix of second partial
derivatives to get the variance-covariance matrix. These
derivatives and all matrix computations were computed
numerically in Microsoft Excel® and Microsoft Visual
Basic® using numerical methods described by
Abromowitz and Stegun (1970) and Press et al. (1992).

Results

Winter Range Locations

Classification based on winter telemetry locations,
placed 85% of the 73 radio-collared elk in one of the
three winter ranges (Fig. 1). Of the remaining elk, 4%
used both Horseshoe Park and Estes Valley ranges, 8%
used both Moraine and Estes Valley, and 3% used all
three. Of the 11 elk that did not use a single winter range
exclusively, only one was a male. Thus, 9% of marked
males and 16% of marked females were migratory. The
migratory male was age 7 at capture; ages of the 10 mi-
gratory females ranged from 1-10 years. Although some
individuals were observed using multiple winter ranges,
none were observed to switch winter range use between
years.

Elk captured in Moraine Park were observed just
outside the park boundaries in an area that is also used
by the town subpopulation, although not at the same
time. Therefore, some elk groups could be assigned to
the wrong subpopulation during counts in some years,
were it not for the presence of radio-collared animals.
In summary, the data suggest that there are three dis-
tinct and cohesive subpopulations of elk with different,
but stightly overlapping, winter ranges with boundaries
that do not correspond precisely to park boundaries.

Direct Parameter Estimates

The best model of sighting probability contains
group size, activity, tree cover, and snow cover covariates.
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However, in this model the coefficient for tree cover was
not significant (P = 0.125), hence we used the simpler
model without this covariate (AAIC, = 0.575):

[% Snow cover3]

1;{-“—) =2.937 - 2.506(activity)+ 0.0276
1 10,000

-u
+0.0494 (group size)

where, u, is the probability of sighting a group. The
model is significant (P <0.0001) as are each of the slope
coefficients (P <0.05). Park subpopulation size estimates
were made using several of the fitted sighting probabil-
ity models and the Hiller 12E model of Unsworth et al.
(1994). Further estimates were made for some models
by applying adjustments only to groups of size less than
75. This assumed that groups of size 75 or more were
always seen. All subpopulation size estimates for the
same year were roughly similar regardless of which
model was used (Table 1). Mean size of the park sub-
population estimates from 1995-1998 was 1,045 + 100
(X + se) elk. Assuming similar sighting conditions were
encountered during earlier surveys, regression of the
sightability adjusted estimates versus raw counts pro-
vided a means of adjusting earlier park counts for which
no covariates were available. This regression yielded:

A

N, = 42.442 + 1.0958 (count)

Precision of estimates based on this regression was
given by the standard linear regression prediction pre-
cision formula plus a 50% inflation to account for meth-
odological differences:

a2
se(N ;)= 1.5 [2448] 1414 (COUAL-820)"
6 211958

Town subpopulation size estimates for the 11 win-
ter survey periods between 1995-1998 ranged from 942—
2,494 (X = 1,734 + 162; Table 2). Some movement of
elk in and out of the count area during mark-resight
periods was observed, however, if collared and uncollared
elk move in or out of the count area at the same rate
during this time period the estimation procedure remains
an unbiased estimate of the number of elk in the count
area at the time of the flight to locate radio-collared elk.

Using the mark-resight estimates to calibrate the
raw counts in other years yielded the following
relationships:

N, = 79.82 +0.742 (3-day count)
A
N, = 160.4 + 2.35 (1-day count)

The linear regression accounted for 58.3% of the
variation in the mark-sight subpopulation estimates in
the 3-day ground count and 79.7% in the 1-day counts.
Prediction precision for these two regressions (includ-
ing a 50% inflation factor for the 1-day counts) are com-
puted as:

) 21952
se(Np)=_ 147455 | 14+ 4 =03y _count~2195)
10 2097580

N ~715)2
se(Ny)=1.5 |44425] 14+ L, (_day_count=715)
4 2170896

Corrected estimates and precision are reported in
Table 1.

Composition counts are listed in Table 3 along with
bootstrap precision estimates for years with individual
group data. Precision estimates for other years were ex-
trapolated based on assumed coefficients of variation for
park and town, respectively, of 0.575 and 0.576 for
bull:cow ratios, 0.437 and 0.204 for spike:cow ratios
and 0.142 and 0.088 for calficow ratios. Each repre-
sents a 50% inflation of the mean CV for the years with
available bootstrap estimates.

Based on direct estimation with program MARK,
the best AIC: model contained no survival differences
between yearling and adult age classes or between sex
classes within either the park or town populations. A
single annual survival rate of 0.929 + 0.023 adequately
describes the park subpopulation. Two seasonal survival
rates best describe the town subpopulation: 0.821 +0.043
for the 7-month winter period, and 0.97 + 0.001 for the
5-month spring/summer period. The combined annual
survival rate estimate for town elk is, therefore, 0.797 +
0.043. This direct estimate of survival represents an
average of male and female survival, weighted by the
proportions of each in the sample, thus this result must
be compared to a similarly weighted average of the
separate male and female survival rates estimated for
the fitted subpopulation model.
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Table 1. Elk count data and population estimates for Rocky Mountain National Park (Park) and the adjacent Estes
Valley including the town of Estes Park, Colorado (Town).

Park Town

Year Count? Estimate® SE® 1 day count 3 day count Estimate® SE®
1965 427 510 104

1966 437 521 103

1967 419 502 105

1968 310 382 117

1969 579 677 91

1970 419 502 105

1971 501 591 97

1972 589 688 90

1973 387 467 109

1974 516 608 96

1975 452 538 102

1976 863 988 80

1977 491 580 98

1978 812 932 80

1979 715 826 83

1980 739 852 82

1981 799 918 80

1982 689 797 84

1983 1,387 1,562 119

1984 809 929 80

1985 1,010 1,149 85

1986 750 864 81

1987 779 896 81

1988 854 978 80 476 1,279 357
1989 702 812 83 303 872 364
1990 753 868 81 369 1,027 361
1991 1,022 . L1162 85 532 1,410 356
1992 787 905 81 557 1,469 355
1993 648 753 86 528 1,401 356
1994 552 600 34 620 1,617 354
1995 1,027 1,221 193 568 1,741 1,178 154
1996 675 788 78 552 2,477 1,727 204
1997 784 988 139 992 3,116 2,474 286

(Continued on next page)
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Table 1. Concluded.

Park Town
Year Count? Estimate? SE° 1 day count 3 day count Estimate® SE®
1998 1,075 1,184 83 748 2,612 1,983 298
1999 932 1,036 80 3,169 2,431 457
2000 694 730 30 3,167 2,430 457
2001 1,346 1,418 56 1,754 1,381 414

Counts are from helicopter surveys only in 1994-2001 and from a mixture of ground and fixed-wing aerial surveys

in earlier years.

bEstimates are based on sightability adjustment model, described in text, for 1994-2001. Earlier years’ estimates are

based on a regression of estimates versus raw counts for these 8 years.

“Standard errors are based on Wong (1996) for 1994-2001. Earlier years’ precision is based on regression prediction

interval inflated by 50% to account for methodological differences.

dMzzlrk-resighting survey estimates from Table 2 for date closest to the date of park estimates were used in 1995-2001.
Estimates for 1994 and earlier are based on regression of 1-day counts on mark-resight estimates.
“Standard errors for 19952001 estimates are based on mark-resighting analysis. For earlier years, standard errors
are based on prediction error of the regression model inflated by 50% to account for methodological differences.

Table 2. Summary of results for mark-resight population size estimates for Estes Valley including the town of
Estes Park, Colorado.

Count of

Collared Estimated Estimated 95%

Total elk collared population standard confidence
Dates elk count in town elk size error limits
April 3-5, 1995 1,741 31 45 1,178 154.38 913-1,575
May 8-10, 1995 2,208 49 67 1,644 178.30 1,334-2,075
October 10-12, 1995 918 18 16 942 266.35 536-1,990
December 11-13, 1995 2,400 44 41 2,494 436.86 1,788-3,711
January 16-18, 1996 2,017 29 46 1,245 179.21 941-1,719
February 16-20, 1996 2,477 29 41 1,727 203.72 1,371-2,239
March 20-22, 1996 2,321 34 65 1,208 81.91 1,057-1,395
January 31-February 2, 1997 2,559 31 37 2,103 289.05 1,610-2,855
February 19-21, 1997 3,116 33 41 2,474 286.34 1,974-3,185
March 10-12, 1997 2,128 31 31 2,073 329.74 1,524-2,971
March 9-12, 1998 2,612 31 41 1,983 297.80 1,483-2,778
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Table 3. Elk population age and sex composition counts for Rocky Mountain National Park (Park) and the adjacent
Estes Valley including the town of Estes Park (Town), Colorado expressed as ratio per 100 cows.

Park® Town
Year Bulls SE Spikes SE  Calves SE Bulls  SE  Spikes SE  Calves SE

1965 28 16.1 13 5.5 39 5.5

1966 11 6.3 18 7.9 53 7.5

1967 24 13.8 9 3.9 46 6.5

1968 33 19.0 11 4.8 38 54

1969 36 207 9 3.9 36 5.1

1970 12 6.9 15 6.6 26 3.7

1971 18 10.3 14 6.1 27 3.8

1972 26 14.9 13 5.7 44 6.3

1973 12 6.9 13 5.7 26 3.7

1974 15 8.6 10 4.4 39 55

1975 17 9.8 17 7.4 33 4.7

1976 9 52 9 3.9 30 4.3

1977 11 6.3 11 4.8 36 5.1

1978 11 6.3 8 3.5 35 5.0 7 4.0 60 53
1979 50 28.8 6 1.2 42 3.7
1980 35 20.2 6 1.2 43 3.8
1981 52 30.0 14 2.9 60 5.3
1982 35 20.2 18 3.7 46 4.1
1983

1984 10 4.4 39 5.5

1985 8 3.5 30 4.3

1986 11 4.8 35 5.0

1987 5 2.2 40 5.7

1988 14 6.1 39 5.5 3 1.6 8 1.5 55 1.8
1989 4 1.7 34 4.8 10 5.6 10 34 41 23
1990 7 3.1 37 53 5 2.2 10 1.4 43 2.7
1991 9 3.9 28 4.0 6 2.7 10 33 37 3.2
1992 46 14.1 10 33 36 4.0 7 23 13 1.5 42 1.0
1993 31 6.2 17 5.6 56 5.4 19 6.3 13 2.0 43 3.6
1994 14 4.7 5 0.7 32 1.6 13 54 12 1.0 28 1.3
1995 8 22 6 0.8 23 L5 15 8.6 8 1.6 27 24
1996 24 6.9 7 1.5 15 0.8 12 4.2 11 1.3 41 1.6
1997 9 3.0 4 0.6 30 1.2 13 1.9 10 0.5 44 1.4
1998 33 11.8 6 2.1 37 4.2 8 2.7 11 1.0 33 1.3
1999 26 214 3 1.6 23 2.8 8 2.5 10 0.1 31 1.7
2000 8 4.5 7 43 26 3.6 7 29 10 0.5 31 4.5
2001 20 7.4 7 0.9 26 2.5 8 3.1 8 0.8 26 1.7

#Composition counts for 1994-2001 were made by helicopter survey for this study. Earlier counts were made by
RMNP biologists using a mixture of ground, helicopter, and fixed-wing aerial surveys. Standard errors for 1992—
2001 are based on 1,000 bootstrap resamples of elk groups. Earlier estimates are assumed to have error coefficients
of variation 50% larger than the average calculated for the later period.

bComposition counts for 1988-2001 were conducted in February on the ground using 3—4 observers, led by CDOW
biologist Rick Spowart. Standard errors for 1988-2001 are based on 1,000 bootstrap resamples of elk groups. Earlier
estimates are assumed to have error coefficients of variation 50% larger than the average calculated for the later
period.
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Population Model

The best population model fits the estimated popu-
lation size data well (Fig. 2), but shows considerable
deviation from the estimated population composition
data (Fig. 3). In large part, this reflects low precision of
the ratio estimates and the superiority of the model esti-
mates based on inferred survival and productivity. Thus,
the variation in these ratio estimates is due primarily to
sampling error and not to large annual fluctuations in
the actual parameters. Total population size in the park
rose rapidly during roughly the first third of the study
(1968-1981), then appeared to rise gradually (1982~
1990) and then remain near a dynamic equilibrium dur-
ing the remainder (1991-2001). Model-based estimate
of population size for the town subpopulation in 2001
was 1,975 [95% CI=1,701;2,292] elk and 1,074 [1,000;
1,154] elk for the park subpopulation (Fig. 2).

As populations have grown over the period of study,
ratios of calves:100-cows have declined in both the park
and town (Fig. 3). Model-based estimates show a de-
cline from 36.0 to 28.4 calves:100-cows in the park be-
tween 1986 and 2001 and from 50.0 to 29.9 in town
between 1978 and 2001. Spike ratios have also declined
steadily, from 11.7 to 6.9 spikes:100-cows in the park,
and from 11.0 to 5.1 in town, over the same periods.
Bull ratio changes appear to be more complex, initially
falling then slowly rising in the park, while remaining
steady in town; however, large measurement errors and
missing values in these observations make patterns dif-
ficult to detect. However, current ratios of bulls: 100 cows
are substantially higher in the park (22.2) than town
(6.1), presumably reflecting the differential effect of le-
gal harvest outside the park.

Of the models evaluated, one stood out as clearly
superior to all others. This best model included differ-
ent values between park and town for every parameter
value (Table 4) except noncalf female survival. Models
that set other park and town parameter values equal,
received negligible AIC, weight (<0.1%). Removing any
of the non-weather parameters from this model lowered
the weight to <0.1% relative to the best model. Other
combinations of the same number or fewer weather
covariates were clearly inferior, receiving <5% of the
best model’s weight.

Male survival in both park and town subpopulations
differed from each other and from noncalf female sur-
vival (Table 4). In the park, male noncalf survival rate
exhibited an increasing linear trend over time from 52%
in 1965 to 79% in 2001, but no trend was supported by
the town data. Sex ratios at recruitment favored females

in both subpopulations, but by a larger margin in town.
Calf recruitment was density dependent in both park and
town, but with different slopes, reflecting the different
carrying capacities of the two ranges. However, when
recruitment is depicted relative to K, patterns in the park
and town are nearly linear with similar slopes (Fig. 4).
Calf survival differed between park and town and was
negatively affected by density in the park, but not in
town (Table 4). The effect of density on calf survival in
the park was more abrupt than on recruitment, with about
two-thirds of the reduction occurring between half of K
and K. Average calf survival rates in the park and town
were similar. Calf recruitment rates were unique for the
subpopulations and appear to have been so throughout
the period studied, however, the recruitment rates ap-
pear to be converging over time as the town subpopula-
tion grows (Fig. 4).

Calf survival is not correlated with any of the
weather covariates in the park elk. Town calf survival is
correlated positively with winter temperature (Table 4).
Recruitment is also positively correlated with winter tem-
perature in the town subpopulation. Recruitment in town
is also positively correlated with summer temperature
and precipitation. All other weather covariate relation-
ships tested were insufficiently supported to be included
in the final model.

Evidence exists for 20 temporary cross-boundary
movement events involving bulls 4 times, spikes 6 times,
cows 5 times, and calves 5 times (Figs. 2 and 3). Before
2001, all temporary cross-boundary movements involved
park elk being observed in the town sector, however, in
2001, calves and cows may have moved in the opposite
direction for the first time. Data were insufficient to at-
tempt estimation of temporary cross-boundary move-
ments before 1988, so the absence of parameters from
these years does not imply that it did not occur.

The park subpopulation estimates have remained
within +5% of projected K between 1991-2001 and ex-
hibited minimal trend, increasing by only 55 animals or
0.5%/year. The town subpopulation, on the other hand,
has continued to grow, averaging 5.2%/year between
1991-2001. Using parameter estimates from the best
model, we extrapolated to equilibrium assuming that no
significant changes in current management, including
harvest regulations, occur and that male survival in the
park will not continue to increase. These projections lead
to estimates for K= 1,069 + 55 elk for the park and
2,869 +415 elk for town. Using estimates of winter range
area from a related study (Singer et al. 2001), we com-
puted corresponding densities at K of 10.1 elk/km? and
47.3 elk/km?. Model projections predict that 90% of K
will be reached in town in the year 2013.
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Fig. 2. Total size of elk population based on field observations and fitted models for Rocky Mountain National Park
(park) and the adjacent Estes Valley, including the town of Estes Park, Colorado (town). Models include the effects of
elk density, summer precipitation and temperature, and winter temperature on elk population dynamics (see Table 4
for parameter estimates). Model A depicts estimates for each actual subpopulation, Model B included the modeled
effects on field estimates of 20 temporary cross-boundary movements of elk supported by the data, which resulted in
miscounting some individuals belonging to the park subpopulation as town elk. Confidence intervals for population
estimates are constructed from standard errors in Table 1 assuming normal errors. Ecological carrying capacity (K) is
the equilibrium projected by the model with weather covariates set to their average values.



16 ELK POPULATIONS

Town
Park ¢ Observed +/1 SE »
Model A % 3
4 Model B S 504
4} o
o o
o -
2 g
3 2
_,% 3 /{""’—_— 3 M@M
g 0 X ittt e +
[2d
@ F3
g 3 20 {
=)
g % oo
§_ 2 10 4 y \ 1 $x3e
b NS,
@ 8 (1) : \
] 3
'(g_ O O e e b
@ » [
2 | 2 L
8 1 { 3 Ii z
g %0 11§ i g 5071
2 3 ) tlgp, 1 T I
g 7 Ex3 X 3] 2 iy .
0 F 3 £ 3 3
2 | R : |
80 ot bbb t bbbt bbb b bt O oy t B S {
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Time (years) Time (years)

Fig. 3. Direct estimates and best fitted model for sex and age composition of elk bull:100 cow, spike:100 cow, and
calf:100 cow ratios in both: (A) Rocky Mountain National Park (park); and (B) the adjacent Estes Valley including
the town of Estes Park, Coloraod (town). Model A depicts estimates for each actual subpopualtion; Model B includes
the modeled effects on field estimates of 20 temporary cross-boundary movements of elk that resulted in miscounting
some individuals belonging to the park subpopulation as town elk. Precision of observations is shown as +1 SE, based

on values in Table 3.

Discussion

Elk were using two major migration routes during
the time (1995-1996) of Larkin’s (1997) study, suggest-
ing two separate elk populations, one that wintered in
Estes Valley and Horseshoe Park, and another that win-
tered in Moraine Park within RMNP. Timing of migra-
tions also differed for Horseshoe Park and Estes Valley
elk, confirming Bear’s (1989) findings. Our reanalysis
of Larkin’s data confirms a strong philopatric pattern in
winter range use, despite an absence of significant bar-
riers between these winter ranges; however, we conclude
that there are actually three distinct populations, based
on winter range locations, and that the Horseshoe Park
subpopulation is distinct from the other two.

Despite the distinct Horseshoe and Moraine
subpopulations, our models pool these for the purpose

of comparing them to the town subpopulation. Evidence
of similar demography within the park, combined with
identical management histories and habitats justify this
approach. The distinctness of the town subpopulation
and absence of permanent dispersal observed in the radio
location data is confirmed by our population modeling.
Different survival and recruitment rates can be
distinguished between the park and town subpopulations,
whereas dispersal migration parameters are not
supported. Only recently are the calf recruitment rates
of the two subpopulations beginning to converge as the
town subpopulation approaches K. Thus, the town
subpopulation appears to be growing independently of
the park subpopulation. Although the origin of the town
subpopulation was likely emigration from the park and
some limited exchange may continue to take place, this
mechanism does not appear to be important to its
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Table 4. Parameter estimates for best (AIC.) model for Rocky Mountain National Park (Park) and the town of

Estes Park and surrounding Estes Valley (Town).

Park Town

Parameter® Estimate LCL® ucL® Estimate LCL® uCL®

Male survival rate (age <1.5), 0.496 0.468 0.520 0418 0.351 0474
intercept®

Male survival rate (age <1.5), 0.913 0911 0.915 0913 0911 0915
time slope®

Adult (both sexes) survival rate 0913 0.911 0.915 0.913 0.911 0.915
(age >1. 5)

Calf survival, intercept 2.35 227 2.44 0.729 0.665 0.795

Calf survival, density slope -0.00195  -0.00205 -0.00186

Calf survival, winter temperature 0.392 0.337 0.449
slope

Recruitment, intercept 0.349 0.307 0.392 0.878 0.782 0.974

Recruitment, density slope -0.00111 -0.00115 -0.00106 -0.00074 -0.00080  -0.00068

Recruitment, winter 0.105 0.081 0.129
temperature slope

Recruitment, summer 0.261 0.238 0.284
temperature slope

Recruitment, summer 0.413 0.368 0.457
precipitation slope

Recruitment sex ratio 0.444 0.431 0.457 0.374 0.368 0379

%In addition to the 19 unique parameter estimates shown here, the best model contains 20 parameters for tempo-
rary cross-boundary movements and 2 for initial population size for a total of 41.
®Confidence intervals are based on profile likelihood method, i.e., parameter values are found that reduce the In(L)

by 1.92,

cSurvnval is computed as a linear function of the year, ¢, referenced to a base year of 1962.

dCommon parameter for park and town.

sustained growth. This conclusion is consistent with
those of Edge et al. (1986) and Van Dyke et al. (1998)
who also observed strong range fidelity and herd
cohesion in adjacent populations,

Although harvest data were not used in this analy-
sis, our results are consistent with prior expectations that
harvest of males should be greater for those that winter
outside, rather than inside, the protection of the park.
Low, but increasing, male survival in the park indicates
that these individuals are also subject to harvest at some
times, but that this effect has declined over time. Har-
vest of female elk does not appear to have a differential
impact on park versus town survival rates. Many female
elk that winter outside the park may remain in the park
during hunting season, or, the low (1.7% from 1989—
1997) female harvest rate may be too small to have a
measurable effect.

An area of overlap between the Moraine and Town
subpopulations observed in the telemetry data, was con-
firmed by the modeling which found evidence that groups
of elk from the park had occasionally crossed the na-
tional park boundary and been counted in the town sec-
tor, decreasing park and increasing town population
estimates in those years. Evidence for such movements
exist throughout the period (1988-2001) for which ad-
equate data are available to detect them. Given the dis-
tinct dynamics of these two populations, lack of support
for models with dispersal parameters, and the absence
of contradictory telemetry data, we suspect that these
movements are not resulting in substantial mixing of
the populations or permanent emigration from the park.
Instead, it is likely that these populations do use some
of the same areas outside of the park at different times,
but remain demographically isolated from each other
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Fig. 4. Relationships between elk calf recruitment and survival rates in the park and town subpopoulations and
population density relative to: (A) local carrying capacity (K) and (B) time. Relationships are based on the AIC,
selected best model; however, weather covariates were set to their average values in (A) to clarify the density
relationships.



through behavioral mechanisms. Until 2001, all tempo-
rary movements were from the park to town. However,
the data suggest that movement from town to the park
occurred in 2001. As the town population approaches
K, we predict that movements in both directions will
become nearly equal.

We concluded that the town subpopulation is still
growing, even though the park subpopulation is no
longer growing. We attribute the growth to higher re-
cruitment and calf survival rates in town than in the
park, rather than due to dispersal of elk from the park.
Elk first appeared in the town sector in noticeable num-
bers about 1975-1980 (N. T. Hobbs, personal commu-
nication), or 8—13 years after elk in the park sector were
released from artificial controls. This is also approxi-
mately the time at which population growth in the park
slowed as it approached X, possibly providing the impe-
tus for emigration. Thus, the town elk are chronologi-
cally behind the park elk subpopulation in occupying
the available habitat.

Our estimated K for town assumes continuation of
historic harvest levels which, so far, have not been ad-
equate to maintain a stable population. Restrictions on
hunting within town limits have undoubtedly provided
the town elk subpopulation with a refuge. Our results
indicate this projected equilibrium to be substantially
higher than the current subpopulation size, although the
projected equilibrium with continued harvest is undoubt-
edly lower than it would be in the absence of harvest.
Thus, human-wildlife conflicts in the town, such as elk
damage to ornamental shrubs, lawns, and golf courses,
and potentially hazardous interactions with humans are
likely to increase along with the expansion of both hu-
man and elk populations in the town sector.

We found strong evidence for density dependent
feedback in the park elk subpopulation--only models that
included population size feedback were supported by the
AIC, comparisons, and confidence intervals on density
parameters are small. The primary mechanism of density
feedback in both subpopulations was a nearly linear
decline in calf recruitment, followed by more abruptly
declining calf survival (Fig. 4). These mechanisms were
also observed in the Yellowstone NP and Rhum examples
(Clutton-Brock et al. 1982; Houston 1982; Coughenour
and Singer 1996; Singer et al. 1997). Evidence for
density dependence in the town subpopulation exists but
is weaker, as demonstrated by the wider confidence
intervals estimated for K. This is not surprising because
this subpopulation has not yet reached K. The nearly
linear decline in recruitment is similar to the relationship
observed in the park (Fig. 4). Thus, there is no indication
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that density responses of these two subpopulations are
qualitatively different, just that the threshold for a
detectable effect on calf survival has not yet been reached
in the town subpopulation, which first exceeded half of
K only as recently as 1995. Because we were unable to
measure the calf survival response to density in town, it
is possible that the true value of X is lower than our
projections due to the effect of this additional mechanism.

The RMNP elk population example met several con-
ditions for demonstration of density dependence that
were also met in the Yellowstone NP and Isle of Rhum
examples: (1) the populations were released from artifi-
cially reduced population sizes taken well below (<1/2
of) K; (2) monitoring continued for several decades un-
til each population had reached and remained near K;
and (3) total population size data was supplemented by
composition data. Failures to detect density dependence
(Bartmann et al. 1992; Saether et al. 1996; Shenk 1998;
Smith and Anderson 1998) have involved populations
fluctuating near X, used a shorter time series (<10 years),
used only total population size data, exhibited high den-
sity independent variation, or were confounded by arti-
ficial feeding.

Our results indicate that both calf recruitment and
subsequent survival is affected by winter temperature in
town, but not in the park. Since lower temperatures are
associated with lingering snow cover, it is plausible that
snow accumulation in early winter reduces calf recruit-
ment (calves first counted at age 0.5) and snow in late
winter reduces subsequent calf survival (from age 0.5 to
1.5 years). Failure to detect a similar effect in the park
may be due to excessive noise (unidentified sources of
temporal variation or measurement error), because our
earlier analysis of these same data through 1999 did
detect a positive effect of winter temperature on calf sur-
vival in the park. Consistent efforts to collect snow depth
data on elk winter ranges would be worthwhile and could
improve our understanding of this effect.

In town, increased calf recruitment was also
correlated with both increasing summer (April-August)
precipitation and temperature. Both effects are likely due
to nutritional effects--warm temperatures reduce the
period of snow cover and more summer precipitation
promotes plant growth (Sims and Singh 1978; Webb et
al. 1978; Sala et al. 1988; Merrill et al. 1993). However,
the park subpopulation exhibited no similar correlation.
Differences between these subpopulations in the timing
of migrations from winter to summer range may explain
the discrepancy. Or, this may simply reflect the difficulty
of detecting an effect of weather with a time series of
insufficient length in an environment with only moderate
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annual variation. To improve chances of discovering
associations between weather and elk survival, direct
estimates of calf recruitment and survival using calves
captured and collared annually over long periods is
required.

Our projected equilibrium K estimates for the two
populations are not intended to imply that there is a
single, static equilibrium for either subpopulation. Un-
doubtedly, changes in vegetation biomass due to vari-
able weather patterns result in a fluctuating and possibly
drifting K. Furthermore, long-term continued human
alterations of the landscape in town could change carry-
ing capacities. Since human domiciles in the town sec-
tor are currently only 30% of what is possible, (Theobold
et al. 1997), we predict that human developments unus-
able to elk (pavement, buildings) will increase, eventu-
ally leading to reduced K for elk in the town sector. On
the other hand, the annual fertilizations and irrigations
of altered grasslands in the town sector may reduce an-
nual fluctuations due to weather patterns.

The nearly 5-fold difference in absolute density of
elk at X in the park and town is consistent with the analy-
sis of forage availability. The area of grasslands in the
town sector are twice as large as in the park, and many
of the town’s grasslands are enriched with fertilizers or
irrigation (Singer et al., this volume). Thus, the forage
base and potential habitat for elk in town is much larger
than in the park, supporting much higher absolute elk
densities. Our estimate of K= 1,069 + 55 elk in the park
- isremarkably close to that made >20 years ago by Hobbs
et al. (1982) based on energy and nutritional consider-
ations. Their estimates were 991 + 102 and 1,481 + 261
for a slightly dry and wet year, respectively. If carrying
capacities do vary temporally as much as these results
suggest, we would not expect the elk population to ex-
pand rapidly enough in good years to achieve the popu-
lation size that a single year of forage availability would
permit. Consequently, we expect that the observed aver-
age population would remain closer to the forage-based
K imposed by poor years. The comparison of our esti-
mate with the lower of the two estimates of Hobbs et al.
(1982) suggest that this is precisely what has occurred.
In a related study (Singer et al., this volume), an inde-
pendent estimate of K in town, based entirely on forage
biomass and quality, was 3,082 + 103 elk, compared to
our population projection estimate of 2,869 + 415 elk.
Given the substantial overlap in confidence intervals and
the close agreement between these two methods for park
elk, our confidence in these projections is high.

The data sets used in our analyses have been
collected over several decades, by multiple investigators,

and using varying methods. Consequently, the robustness
of our conclusions must be evaluated in this context.
Because the most reliable and consistent survey methods
were used during the most recent 5 years, we lowered
the weight given to earlier estimates by inflating their
variance estimates. This would reduce the effect of any
biases or inconsistencies on our conclusions. Although
we found no undercounting of calves in the park by
ground composition counts relative to aerial counts,
many older males were missed by this method because
they tend to forage in more densely vegetated areas.
However, it is the dynamics of females that are of greatest
interest in modeling a population. Furthermore, there is
no noticeable discontinuity in the male composition
ratios at the start of our 5-year study using aerial
observations. The use of ground counts in town is less
problematic because of fewer areas of dense cover and a
more extensive road network. Although comparisons of
absolute numbers between park and town may be biased
by the survey methods, the patterns of change over time
should be unaffected. Thus, the observation of continued
population growth in town contrasted with relative
stability in the park is not likely due to methodological
differences. Nor are temporal correlations of vital rates
with weather covariates in each subpopulation affected
by any consistent bias. However, the differences in some
estimates, such as sex ratios, could be due, in part, to
such biases.

Fitting mechanistic population dynamics models to
multiple sources of data is a valuable technique for ex-
tracting an understanding of a population from several
noisy data sets. Although our individual data had large
measurement errors, when combined with other data,
reasonable estimates of vital parameters emerged. Un-
doubtedly, more precise data would provide better final
estimates as would direct measurement of additional vital
parameters, such as recruitment or calf survival. De-
tecting density dependence would be most easily accom-
plished by directly monitoring calf recruitment and
survival, using radio marked calves. Because the den-
sity relationships lead to estimates of K, these would be
improved as well by such data.

Management Implication

Correcting future population counts in town through
our calibration relationship based on our mark-resighting
estimates is undoubtedly an improvement over the raw
counts. However, because of the small number of
observations (11) used in developing this relationship,
confidence intervals will be much wider than those for



the mark-resight estimates made in this study.
Furthermore, future changes in habitat or elk behavior
could bias estimates based on this calibration. Thus, we
recommend repeating the mark-resighting study about
once each decade.

Similarly, the sighting probability model developed
for the park was developed with a limited (n = 44) num-
ber of observations. The high elevation (8,000-9,000 ft),
close proximity to the Continental Divide, and frequent
high winds precluded obtaining the desired number of
aerial sightings, despite 4 winters of efforts. Wong (1996)
recommends 300 data points to develop independent
sightability models such as these. We recommend that
either: (a) additional data points are gathered, perhaps
from nearby drainages; or (b) these data be combined
with data from other studies (Samuel et al. 1987,
Unsworth et al. 1994).

Undercounting of large elk groups by as much as
20% has been documented in Pennsylvania forests, how-
ever elk groups in the open were counted without error
(Cogan and Diefenbach 1998). To minimize this poten-
tial bias, we slowly herded large elk groups to the near-
est opening and counted while they were standing still.
Nevertheless, we recommend that future sightability
studies include tests for, and estimations of, group size
undercounting.

Based on this study, management actions to reduce
elk population in the park might reduce the occurrence
or size of occasional temporary cross-boundary move-
ments from park to town during winter caused by elk at
K secking better foraging. However, it is unlikely that
such a reduction would substantially alter the growth
rate of the town subpopulation or K. The effect of har-
vest outside of the park on elk inside the park is uncer-
tain. Similar survival rates in both subpopulations
suggest that harvest in town may affect both, however,
the harvest rate of females has been so low that an effect
may not have been detectable. Sensitivity estimates from
our model predict that average equilibrium population
in town can be reduced by 7% by a 1% reduction in
adult female survival. Thus, harvest does appeartobea
useful management tool for controlling the town sub-
population, so long as restrictions to harvesting near
human settlements do not interfere with harvest goals.

We estimated food-limited X for elk in the park and
town sectors and these compared very favorably with
independently calculated forage and energy based esti-
mates for the same sectors (Hobbs et al. 1982; Singer
et al., this volume). While potentially useful, we con-
sider these estimations only the first step in the process
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of determining appropriate numbers of elk for this eco-
system. NPS policy mandates that ungulates be man-
aged under natural processes, but two major predators
(wolves and grizzly bears) have been eliminated from
this system, and the remaining predators that prey on
elk--coyotes and mountain lions--are very likely reduced
in the developed town sector. Other studies suggest that
a naturally abundant assemblage of these four native
large predators would have limited elk and other large
ungulate numbers somewhere below food limitation for
significant periods of time (Bergerud et al. 1988; Messier
1991, 1994; Gasaway et al. 1992; Mech et al. 1998).
Therefore, we suggest to park management that the elk
population levels at food-limited X that we estimated
here are likely higher than elk population levels defined
for natural process management of ungulates in U.S.
national parks (NPS 2001). Unfortunately, there is con-
siderable disagreement over the magnitude and dura-
tion that predator limitation might take (Boutin 1992;
McLaren and Peterson 1994; Sinclair and Arcese 1995;
Singer et al. 1998; Boyce and Anderson 1999). We pro-
pose that Yellowstone NP offers the most similar, well-
documented example of the potential limitation of elk
that may occur with recovery of all native predators.
Thus, the Yellowstone NP experience may provide a
guide to park managers of the effect of natural processes
on elk for RMNP.
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